M
any biological functions are the result of architectures that form through strong, directional interactions between subunits that constitute the cellular structure. These self-assembly processes display rich, dynamic behavior, where growth and shrinkage are carefully controlled by biochemical feedback mechanisms. One fascinating example is the guanosine triphosphate (GTP)-mediated assembly and disassembly of tubulin into microtubules ( 1) . The realization of a chemically fueled synthetic mimic is a long-standing challenge in the field of supramolecular chemistry ( 2) . On page 1075 of this issue, Boekhoven et al. ( 3) demonstrate the far-from-equilibrium self-assembly of molecular subunits driven by the consumption of a chemical fuel, leading to the transient formation of fibrous hydrogel materials. These conditions result in peculiar self-assembly processes unprecedented in synthetic systems, mimicking in part the fluctuations observed in microtubules.
Microtubules are part of the cellular cytoskeleton, a dynamic and adaptive self-assembled network that is critical for achieving compartmentalization, generating directed forces, and facilitating intracellular traffic ( 4) . Individual microtubules display complex assembly dynamics, alternating between regimes of stable growth and catastrophic disassembly. This dynamic instability greatly increases the ability of the fibers to reorganize and cover large volumes of cellular space ( 5) . The mechanism underlying the dynamic instability-simultaneous GTP-driven growth and guanosine diphosphate (GDP)-initiated shrinkage-relies on the critical composition of the so-called GTP-rich cap: that is, on farfrom-equilibrium conditions ( 6) .
Although chemists could construct responsive one-dimensional fibrous structures ( 2) , the assembly-disassembly processes reported so far are all based on changing the equilibrium conditions and converting one stable aggregate state to another or to the monomer state. Illustrative examples include the enzyme-mediated self-assembly of peptide oligomers ( 7), photochemically tuned assembly and disassembly of zinc porphyrins ( 8) , and the adenosine triphosphate (ATP)-induced helix inversion of chiral fibers ( 9) . These processes have all been appropriately described by equilibrium models ( 10) . Kinetic studies that take pathway complexity into account ( 11) have advanced our understanding of responsive synthetic fibers, despite the paucity of far-from-equilibrium systems investigated thus far.
As early as 2010, Eelkema, van Esch, and collaborators disclosed initial results on the use of chemical fuels to power supramolecular polymerizations ( 12) . In their strategy, a charged, inactive dicarboxylic monomer is transformed into an activated ester by alkylation, yielding a fibrous structure through aggregation. Competitive hydrolysis of the ester resulted in the eventual degradation of the supramolecular polymer. The addition of subsequent portions of alkylating agent resulted in new cycles of supramolecular polymerization followed by depolymerization.
Boekhoven et al. extended this concept to far-from-equilibrium conditions by increasing the rate of the reactions involved in the supramolecular cycle, leading to an increase in the concentration of fibrous filaments. This increase in turn led to the transient formation of hydrogels with storage moduli of up to 10 kPa, indicating elastic properties similar to those of other synthetic hydrogels used, for example, in tissue engineering. By independently controlling alkylation and hydrolysis, the materials' properties and directly sensed by the T cells, as they did not strictly follow the paths of neutrophils when migrating together in culture dishes. Rather, the membrane patches acted as depots that slowly released CXCL12, thereby creating a promigratory and chemoattractive milieu for T cells. This buffering function might explain the delayed action of the chemokine in vivo. Lim et al. again used intravital microscopy to visualize infiltrating neutrophils in the virus-infected mouse model, and indeed found that they left fragments on connective tissue fibers. As with the in vitro experiments, these fragments contained CXCL12, strongly suggesting that the same mechanism holds true in vivo.
Fueling connections between chemistry and biology
Lim et al. provide a lucid example of how one immune cell type maps the route for the next one by depositing positional and/ or directional landmarks. Their finding might reflect an evolutionary very ancient theme, because the slime mold Dictyostelium discoideum, the classical model system to study chemotactic behavior, uses a very similar strategy. When Dictyostelium switches from the single-celled to the multicellular stage of development, cells stream together into an aggregate, which then moves as a multicellular slug to finally form a fruiting body. Single-cell migration is guided by cyclic adenosine monophosphate, a chemoattractant. During aggregation, crawling cells lay down membrane packages that release the attractant. This information relay leads to a typical head-to-tail organization of the streaming cells ( 5) .
Although this mechanism might represent conserved patterns of intercellular communication in directed cell trafficking, the observed neutrophil fragments might also serve additional functions. Various types of secreted extracellular vesicles (exosomes) have been suggested as mediators of intercellular communication ( 6) . The neutrophilderived cell fragments might release not only guidance cues but also cytokines and other factors, which then influence the adaptive effector phase. ■ lifetime can be tuned. Although immediate applications of these gels are hard to foresee (because of the toxic nature of the dimethyl sulfate fuel), the far-from-equilibrium conditions allowed the authors to observe some of the more appealing characteristics of dissipative self-assembly: stochastic fiber collapse and simultaneous growth and shrinkage, both reminiscent of microtubule dynamics (see the figure) .
A detailed analysis of the fibers during one chemical cycle using confocal microscopy enabled the authors to quantify the growth rate of each individual filament. This singleaggregate analysis is critical, because the average length changed gradually and did not show any characteristic signs of dissipative self-assembly. At the individual-fiber level, however, detailed insights into the assembly mechanisms emerged. Initially, fast fiber growth occurs universally because of the abundance of activated monomers. When the fuel is consumed, hydrolysis competes with activation, leading to the effects illustrated in the figure. First, catastrophic fiber collapse is observed, indicating a threshold of hydrolyzed subunits in the fiber, below which shrinkage takes place. Second, the collapse occurs solely at fiber ends and can be rescued by patches of nonhydrolyzed subunits resembling the microtubule GTP cap. Third, renewed growth after fuel depletion is facilitated by the release of activated monomers from concurrently degrading fibers. Finally, after complete hydrolysis, the remaining fibers collapse.
Although this behavior is surprisingly similar to microtubule dynamics, some facets still need to be designed and integrated in order to arrive at artificial life-like systems. Several important challenges can be set. How do we convert the responsiveness of fibrous materials to macroscopic work? How do we couple the transient growth of these materials to active networks with positive and negative feeback loops based on interacting chemistries? And finally, how are all of these components integrated? Progress in supramolecular polymerization may soon lead to the rational design of highly ordered filaments that can be used to perform mechanical action. Furthermore, recent advances in systems chemistry, combined with an increasing understanding of isolated biochemical networks, will undoubtedly allow chemists to optimize chemical networks in a holistic way. However, the true challenge lies in achieving the synchronized operation of optimized filaments with materials functionality and chemical networks. 
